Woo YJ. Oxygendependent quenching of phosphorescence used to characterize improved myocardial oxygenation resulting from vasculogenic cytokine therapy. J Appl Physiol 110: 1460 -1465, 2011. First published February 3, 2011 doi:10.1152/japplphysiol.01138.2010.-This study evaluates a therapy for infarct modulation and acute myocardial rescue and utilizes a novel technique to measure local myocardial oxygenation in vivo. Bone marrow-derived endothelial progenitor cells (EPCs) were targeted to the heart with peri-infarct intramyocardial injection of the potent EPC chemokine stromal cell-derived factor 1␣ (SDF). Myocardial oxygen pressure was assessed using a noninvasive, real-time optical technique for measuring oxygen pressures within microvasculature based on the oxygen-dependent quenching of the phosphorescence of Oxyphor G3. Myocardial infarction was induced in male Wistar rats (n ϭ 15) through left anterior descending coronary artery ligation. At the time of infarction, animals were randomized into two groups: saline control (n ϭ 8) and treatment with SDF (n ϭ 7). After 48 h, the animals underwent repeat thoracotomy and 20 l of the phosphor Oxyphor G3 was injected into three areas (peri-infarct myocardium, myocardial scar, and remote left hindlimb muscle). Measurements of the oxygen distribution within the tissue were then made in vivo by applying the end of a light guide to the beating heart. Compared with controls, animals in the SDF group exhibited a significantly decreased percentage of hypoxic (defined as oxygen pressure Յ 15.0 Torr) peri-infarct myocardium (9.7 Ϯ 6.7% vs. 21.8 Ϯ 11.9%, P ϭ 0.017). The peak oxygen pressures in the peri-infarct region of the animals in the SDF group were significantly higher than the saline controls (39.5 Ϯ 36.7 vs. 9.2 Ϯ 8.6 Torr, P ϭ 0.02). This strategy for targeting EPCs to vulnerable peri-infarct myocardium via the potent chemokine SDF-1␣ significantly decreased the degree of hypoxia in peri-infarct myocardium as measured in vivo by phosphorescence quenching. This effect could potentially mitigate the vicious cycle of myocyte death, myocardial fibrosis, progressive ventricular dilatation, and eventual heart failure seen after acute myocardial infarction. stem cell; phosphorescence lifetime measurements; oxygenation; vasculogenesis; heart failure MORE THAN 7 MILLION men and women suffer from myocardial infarction (MI) in the United States annually( 38). This places them at risk to undergo the vicious cycle of diminished myocardial efficiency leading to progressive ventricular dilatation with loss of elliptical geometry, leading to even worse myocardial efficiency and an eventual loss of myocardial function, resulting in heart failure. Current treatment for heart failure consists of pharmacological optimization and limited revascularization, reconstructive, or replacement options. These modalities are highly effective for only a fraction of patients and do not address the significant microvascular deficiencies that persist even when an occluded artery is stented or bypassed. Endogenous machinery to repair injured and ischemic myocardium is inadequate, and tremendous resources have been devoted to developing molecular therapies that enhance both the microvascular perfusion and the function of ischemic or infarcted myocardium.
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Therapeutic vasculogenesis, the de novo formation of microvasculature, is a potential therapeutic strategy to enhance myocardial perfusion and reverse cellular ischemia, both of which are associated with decreased fibrosis, prevention of adverse ventricular remodeling, and enhancement of myocardial energetics and function (1, 16, 17, 47) . Endothelial progenitor cells (EPC) are bone marrow-derived pluripotent vascular precursor cells with the intrinsic ability to mature into blood vessels . (36) . They may provide a molecular means of enhancing myocardial microvascular perfusion in patients without alternate revascularization options (18) and have been shown to augment both myocardial performance and histological vessel density (2, 47) . Stromal cell-derived factor-1␣ (SDF) is among the most potent and specific EPC cytokines. Its sole target is the CXCR4 cell surface antigen expressed in significant levels on CD34ϩ EPCs, and expression of this receptor is related to efficient SDF-induced transendothelial migration (23) . In this study we have tested whether intramyocardial delivery of SDF as a highly specific and localized chemotactic signal for EPCs can improve myocardial perfusion and oxygenation, and reverse peri-infarct ischemia.
In addition, we utilize a novel technique to demonstrate the neovasculogenic properties of this cytokine-based EPC therapy. Myocardial oxygen pressure was assessed using a noninvasive, real-time optical technique for measuring oxygen pressures within microvasculature based on the oxygen-dependent quenching of the phosphorescence of Oxyphor G3.
MATERIALS AND METHODS
Animal care and biosafety. Male adult Lewis rats (250 -300 g) were obtained from Charles River Laboratories (Boston, MA). Food and water were provided ad libitum. The protocol utilized in this study was approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania and conforms with the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health (NIH Publication No. 85-23).
Induction of heart failure. Male Lewis rats were anesthetized with intraperitoneal ketamine (50 mg/kg) and xylazine (5 mg/kg), endotracheally intubated with a 14-gauge angiocatheter, and mechanically ventilated (Hallowell EMC, Pittsfield, MA) with 0.5% isoflurane maintenance anesthesia. A left thoracotomy was performed via the fourth interspace, the pericardium was entered, and the left anterior descending (LAD) coronary artery was encircled with a 7-0 prolene suture at the level of the left atrial appendage. The suture was briefly snared to verify isolation of the LAD and tied. This procedure ligated the LAD and induced an anterolateral infarction of ϳ40% of the left ventricle (21) . Immediately following LAD ligation the animals were randomized to two groups: saline control or therapy with SDF. The saline group received a total of 250 l saline into five predetermined peri-infarct regions via direct intramyocardial injection with a 30-gauge needle. The treatment group received 3 g/kg recombinant SDF-1␣ (R and D Systems, Minneapolis, MN), diluted in saline for a total volume of 250 l, via direct intramyocardial injection into the same five predetermined peri-infarct border-zone regions. The border zone was defined as one high-power field lateral to the myocardial scar (14) . In addition, to upregulate bone marrow cell production, the treatment group received a subcutaneous injection of 40 g/kg liquid sargramostim [recombinant granulocyte-macrophage colony stimulating factor (GM-CSF)], diluted in saline for a total volume of 200 l intraoperatively and on postoperative day 1. The saline group received 200 l subcutaneous saline intraoperatively and on postoperative day 1. The thoracotomy was closed in three layers over a temporary thoracotomy tube, and the animals were allowed to recover. We did not include a control group that received only subcutaneous injections of GM-CSF because the preponderance of the literature has demonstrated no difference between control groups receiving intramyocardial saline injection only or groups receiving saline injection plus subcutaneous GM-CSF (2, 3, 12, 47) .
This model of ischemic heart failure has been highly reproducible and previously published (8, 21, 47) . At the 48-h time point following initial LAD ligation, oxygen tissue pressure from peri-infarct myocardium, myocardial scar, and remote left hindlimb muscle was characterized in vivo.
Oxygen histograms obtained by oxygen-dependent quenching of phosphorescence. PO 2 histograms can be obtained from a singlepoint measurement using oxygen-dependent quenching of phosphorescence. For an excitation source and a phosphorescence detector (light guide tips), positioned on the surface of tissue and separated by distance d, the sampled volume will be a banana-like shaped region, formed by overlapping three-dimensional "globes" of diffuse light centered in front of the tip of the light guides (20) . Different parts of the volume may contribute unequally to the signal due to the differences in the absorption and scattering coefficients for the excitation light and phosphorescence. For Oxyphor G3, the excitation light (635 nm) is more absorbed and scattered than is the phosphorescence (800 nm). As a result, volumes closer to the excitation source contribute more to the detected signal than those further from the source. Most of the detected signal comes from the banana-shaped volume (20) .
When normal tissue is sampled, the measured distribution of PO2 does not depend on the positions of the excitation and emission light guides, because the measured volume is much larger than the individual vascular beds in the tissue. The 6-mm center-to-center of the positioning of light guides in the present studies was used in part to be sure that sampled volume was representative of the tissue as a whole.
Measurement of PO2 histograms. Phosphorescence lifetime measurements were performed using a PMOD-5000 phosphorometer (Oxygen Enterprises, Philadelphia, PA) (40) . The PMOD-5000 is a frequency domain instrument operating in the frequency range of 100 -100,000 Hz. The measured phosphorescence lifetimes are independent of local phosphor concentration and insensitive to the presence of endogenous tissue fluorophores and chromophores. The excitation light was carried to the measurement site through one glass fiber bundle and the emission collected by another 3-mm-diameter glass fiber bundle (center-to-center distance of 6 mm). The emission was passed through a 695-nm long-pass glass filter (Schott glass) and detected by an avalanche photodiode (Hamamatsu). The resulting photocurrent was converted into voltage, amplified, digitized, and transferred to the computer for analysis.
In the present study, PMOD-5000 was used in multifrequency mode (40) to determine distributions of phosphorescence lifetimes. The lifetime distributions were used to calculate distributions of PO 2 values, i.e., oxygen histograms (41, 43) . The excitation light (maximum wavelength ϭ 635 nm) was modulated by a waveform consisting of 37 sinusoids with equal amplitudes and frequencies ranging from 100 Hz to 38 kHz. The tips of the light guides were brought into contact with the myocardium, but care was taken not to apply pressure that might restrict flow in the surface blood vessels. The obtained signal was used to calculate the dependence of the phosphorescence amplitude and phase on the modulation frequency. The resulting phase/amplitude dependence was analyzed using the maximal entropy method (41) to yield the distribution of phosphorescence lifetimes. This distribution was converted into the distribution of PO 2 in the sample, as described previously (40, 41) . The basis for the conversion is the SternVolmer relationship:
where I o and T o , are the phosphorescence intensities and lifetimes in the absence of oxygen, and I and T are the phosphorescence intensities and lifetimes at PO 2, respectively. The quenching constant, kQ, is a second-order rate constant, describing the quenching of the excited state of the phosphor by oxygen. The values of T o and kQ have been determined for Oxyphor G3 for the experimental conditions (temperature, etc., as appropriate).
According to Eq. 1, intensities (amplitudes) of phosphorescent signals decrease with increasing PO 2 values. Thus, for two equal volumes of tissue, containing equal amounts of the phosphorescent probe and excited by equal numbers of photons, the accuracy in signal is higher for lower PO 2 values. The decrease in signal with increasing PO2 [decrease in signal-to-noise ratio (S/N)] results in asymmetric broadening of oxygen histograms, as seen in the "tail" effect on the high-oxygen end of the histogram. This asymmetric broadening is intrinsic to the analysis, reflecting the fact that uncertainty in determination of phosphorescence lifetimes increases with decreasing S/N. Thus, although the histograms are very reliable at lower PO 2 values where there is little broadening, for PO2 values above ϳ80 Torr, the histograms are sufficiently broadened; they should be used only for qualitative comparisons. The presented histograms were arbitrarily truncated at 140 Torr.
Phosphorescent probe: Oxyphor G3. The phosphorescent probe, Oxyphor G3, based on a Pd-tetrabenzoporphyrin core, was used in our experiments (19) .
Pd-tetrabenzoporphyrin dendrimer G3 has a polyarylglycine dendrimer composition and polyethyleneglycol surface coating. Oxyphor G3 (MW 16,100) is designed not to interact with albumin and other biomolecules by adding a surface layer of polyethyleneglycols. The dendrimer in G3 folds tightly around the core in aqueous media and controls accessibility of oxygen to the porphyrin. Oxyphor G3 has a quantum yield of ϳ10% and a lifetime of ϳ270 s in deoxygenated aqueous solutions. The oxygen k Q of G3 in aqueous buffered solutions at pH 7.2 at 38°C is 180 Torr Ϫ1 ·s Ϫ1 . Thus unbound Oxyphor G3 can be used to measure oxygen in physiological range. This value is well suited for oxygen measurements in vivo. Oxyphor G3 has a lifetime at zero oxygen of 270 s.
The phosphorescence of Oxyphor G3 is insensitive to the presence of albumin (at 1-5% by weight range). It is also insensitive to changes in pH and ionic strength throughout the physiological range.
Measuring myocardial oxygen histograms. Forty-eight hours after coronary artery ligation and treatment, the rats were anesthetized with ketamine (50 mg/kg) and isoflurane (1.5% mixed with air), endotracheally intubated with a 14-gauge angiocatheter, mechanically ventilated (Hallowell EMC, Pittsfield, MA) with a fraction of inspired oxygen (FI O 2 ) of 21% and 0.5% isoflurane maintenance anesthesia, and underwent redo left thoracotomy. They were then given injections of Oxyphor G3 solution (80 M in physiological saline) in peri-infarct myocardium, myocardial scar, and remote left hindlimb muscle (Fig. 1) . Injections consisted of ϳ20 l containing 1.6 nmol of Oxyphor per track using a 30-gauge needle. Two to three minutes was allowed to elapse between injection and measurement to help distribute the phosphor within the interstitial space of the myocardium, and then the oxygen histograms were measured in vivo on the beating heart (Fig. 2) .
Statistical analysis. Quantitative data are expressed as means Ϯ SD. Statistical significance was evaluated using the unpaired Student's t-test for comparison between two means. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

In vivo PO 2 distributions in peri-infarct myocardium, myocardial scar, and remote left hindlimb muscle.
After injection of Oxyphor G3 into the muscle, there was a strong phosphorescence, which was not present before the phosphor was injected. Good S/N (typical values were from 65 to 120) was obtained using data collection periods of 200 -600 ms. This allowed the measurements to be made quickly, minimizing sensitivity to movement of the contracting myocardium. Care was taken to avoid any torsion or pressure on the heart or remote leg muscle. This prevented mechanical occlusion of myocardial vasculature from yielding spurious hypoxic results. The light guides were brought gently in contact with the myocardium. The individual histograms were analyzed to determine the cumulative tissue volume fractions with an oxygen pressure Յ 15.0 Torr. Compared with the saline control group, animals in the SDF group exhibited a significantly decreased percentage of hypoxic (defined as oxygen pressure Յ 15.0 Torr) peri-infarct myocardium (9.7 Ϯ 6.7% vs. 21.8 Ϯ 11.9% of measured peri-infarct myocardium with oxygen pressure Յ 15.0 Torr, P ϭ 0.017) (Fig. 3 ). In addition, the peak oxygen pressures in the peri-infart region of the animals in the SDF group were significantly higher than the saline controls (39.5 Ϯ 36.7 Torr vs. 9.2 Ϯ 8.6 Torr, P ϭ 0.02) (Fig. 4) . Representative oxygen pressure histograms of both control and SDFtreated animals are shown in Figs. 5 and 6. The percent of hypoxic postinfarct myocardial scar (23.4 Ϯ 15.8% vs. 20.5 Ϯ 16.1% of measured myocardial scar with oxygen pressure Յ 15.0 Torr, P ϭ 0.364) and remote left hindlimb muscle (2.3 Ϯ 2.4% vs. 7.2 Ϯ 12.1% of measured hindlimb muscle with oxygen pressure Յ 15.0 Torr, P ϭ 0.158) did not differ significantly between the SDF-treated and saline control animals.
DISCUSSION
Stromal cell-derived factor 1␣ (SDF) is a powerful chemoattractant and considered to be one of the key regulators of 2 . Measurement of oxygen histograms in vivo on the beating heart. The tips of the light guides were brought into contact with the myocardium, but care was taken not to apply pressure that might restrict flow in the surface blood vessels. The obtained signal was used to calculate the distribution of phosphorescence lifetimes which was subsequently converted into the distribution of PO2 in the sample. hematopoietic stem cell trafficking between the peripheral circulation and bone marrow. It has been demonstrated to effect EPC proliferation and mobilization to induce vasculogenesis, and is significantly upregulated in response to both myocardial ischemia and infarction (24, 48) . As a hard-working aerobic organ, the heart has to consume large amounts of O 2 to support its primary contractile function, and the myocardial oxygen demand must not outstrip its supply if it is to maintain effective contractility. The myocardial oxygen extrac-
artery } reflects this balance in the heart (22) . Current therapeutic options for ischemic heart disease are only capable of intervening in relatively large arteries, leaving pervasive microvascular dysfunction unaddressed. Even with reestablishment of epicardial coronary artery flow through thrombolysis, percutaneous intervention, or bypass grafting, there is still a paucity of patent, functional microvasculature and hence perfusion reaching the cardiomyocytes. This is important because microvascular integrity, specifically indices of microvascular blood velocity and flow, predicts functional recovery of ischemic myocardium (4, 6, 11, 28, 33) . In this study, we were able to demonstrate that therapeutic post-myocardial infarction treatment with the potent vasculogenic cytokine SDF improves peri-infarct microvascular perfusion, leading to enhanced myocardial oxygenation. Experimentally, delivery of SDF to ischemic myocardium has been shown to significantly enhance myocardial endothelial progenitor cell density, increase microvasculature, and preserve ventricular geometry and function (2, 47) . We theorize that it is this upregulation and targeting of endothelial progenitor cells to the ischemic border zone (and subsequent increase in microvascular blood delivery) that is the underlying mechanism for the observed increase in myocardial oxygen pressure.
In addition, we were also able to apply a novel technique for quantifying in vivo tissue oxygenation in real time from the surface of the heart. Oxygen-dependent quenching of phosphorescence provides a direct optical method for determining PO 2 values in biological and other samples (39, 45) . This method has been shown to be effective for measurements in many types of biological media, including biological fluids and the microvasculature of tissue in vivo (5, 7, 9, 10, 13, 15, 25, 26, 31, 32, 34, 35, 37, 42, 46, 49) . We used a specially designed new family of dendritic phosphors, whose periphery is modified with oligoethylene glycol fragments (27, 29, 30) . Oxyphor G3 is one such oxygen sensor, and its oxygen-quenching properties are not affected by biological macromolecules such as albumin, while its phosphorescent parameters are well suited for measuring myocardial oxygen pressure in vivo (44) . This technique is useful for determining the efficacy of experimental angiogenesis and has potential clinical applicability. The phosphorescent oxygen sensors, such as Oxyphor G3, might in principle be used during any open cardiac procedure to determine the viability of hibernating tissue, the success of revascularization, or to monitor reoxygenation of the ischemic myocardium on reperfusion. 
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